An amphiphilic tris(2,2'-bipyridine)ruthenium(2+) derivative that is incorporated into the walls of phosphatidylcholine vesicles photosensitizes the irreversible oxidation of ethylenediaminetetraacetate(3-) dissolved in the inner aqueous compartments of the vesicle suspension and the oneelectron reduction of heptylviologen(2+) dissolved in the continuous aqueous phase. The quantum yield of viologen radical production depends on the phospholipid-to-ruthenium complex mole ratio. A kinetic model is used to derive an order-of-magnitude estimate for the rate constant of electron transport across the vesicle walls. The results are inconsistent with a diffusional mechanism for electron transport and are interpreted in terms of electron exchange.
Pigmented membranes that separate aqueous compartments are promising as components in artificial photosynthetic devices (1-3). Solar energy can be captured and stored by photosensitizing complimentary redox reactions at opposing membrane-water interfaces that result in decomposition of water to hydrogen and oxygen. This process requires transport of electrons and protons across the membrane.
Lipid bilayer vesicles (4, 5) are attractive as membrane substrates for a number of reasons, including: (i) vesicle compositions can be widely varied simply by dispersing different lipid mixtures, (Ui) the lipids are in a liquid crystalline state, which provides organization, and (iii) the membranes are highly dispersed, with specific surface areas of several hundred square meters per gram.
Design of efficient energy-converting devices using vesicles requires knowledge of factors that control rates of charge transport across lipid membranes. The walls of bilayer vesicles are quite thin (typically about 50 A), and several electron transport mechanisms are possible, which have been considered in discussions of electron transport chains of biological systems (6, 7) . Photosensitized electron transport across lipid bilayer membranes is a relatively new field of research (1) (2) (3) 8) ; the ability of lipid layers to transmit electrons is established, although the electron transport mechanism is not always cer- tain.
As a model for studying photosensitized charge transport across vesicle walls, we have used a tris(2,2'-bipyridyl)ruthenium(2+) derivative with two n-hexadecyl substituents (abbreviated to Ru2+) to mediate transfer of electrons from EDTA dissolved in the encapsulated aqueous compartments of phosphatidylcholine (PtdCho) vesicles to viologens dissolved in the continuous aqueous phase of the vesicle suspension (9) . Initially the vesicles contained hexadecylviologen, vitamin K1 quinone, and decachlorocarborane to assist charge transport across the membrane-water interface and membrane interior. We have since demonstrated that these additional membrane components are not required: the vesicle walls are composed of PtdCho and Ru2+ only. Preliminary results were interpreted to mean that electron transport through the membrane occurs by electron exchange between Ru2+ and Ru3+ in opposing lipid monolayers of the vesicles (10) . In this paper we show that the quantum yield dependence on PtdCho-to-Ru2+ mole ratio is consistent with the proposed electron exchange mechanism, and we estimate the rate constant for transmembrane electron transport, under our conditions, to be of the order of [104] [105] [106] so1, which is several orders of magnitude faster than for transmembrane diffusion of lipids (11) .
MATERIALS AND METHODS
Materials.t PtdCho, from hens' egg yolks, was purified by the method of Singleton et al. (12) . 1,1'-Diheptyl-4,4'-bipyridinium dibromide (heptylviologen, C7VBr2) was purchased from Aldrich, EDTA was from Mallinckrodt, and Reinecke salt was from Eastman. The Reinecke salt was converted to the potassium form and recrystallized (13 Reinecke salt actinometry (13) . The production of viologen radical (C7V+) after intervals of illumination was monitored by its absorbance at 602 nm; the concentration of C7V+ was calculated by assuming the extinction coefficient of the radical to be the same as for methylviologen radical, 12,400 M-' cm-l (15) .
RESULTS AND DISCUSSION
The composition of the vesicle suspension is shown in Fig. 1 , which illustrates the cross section of a single vesicle whose wall contains PtdCho and Ru2+ in a 200:10 mole ratio. Ru2+ is expected to be distributed on both sides of the lipid bilayer and oriented so the charged chromophore is in the interfacial region. Zinc ions, which inhibit the oxidation of EDTA (9), are included in the continuous aqueous phase to ensure that EDTA dissolved in the aqueous interior of the vesicles is the source of electrons for C7V2+ reduction.
Illumination of the vesicle suspensions resulted in the appearance of C7V+ after a pronounced induction-period (Fig.  2) . The quantum yield of radical formation became maximal after about 1% of the viologen was reduced, and it decreased to about one-fifth of maximum after about 10% reduction. The maximal quantum yield for C7V+ production in the 200:10 (PtdCho:Ru2+) mole ratio sample was 3.8 i 0.7 X 10-4. The maximal yield in the 200:28 mole ratio sample was 2.2 + 0.3 times that in the 200:10 ratio sample. In the latter case, air was admitted to the cuvette after about 30 min of illumination, and the sample visible absorption spectrum was compared to that before illumination; the concentration of Ru2+ changed by less than 2%. The final pH was 8.5 i 0.1.
The origin of the induction period is not known. We have observed no correlation between the length of the induction period and the rate of viologen reduction in these and other experiments with different compositions, which suggests that residual oxygen in the cuvette or oxidizing impurities in the materials used are not the only cause. Saturation of the reaction is probably due to increased probability for back transfer of electrons from C7V+ to Ru3+ (see below). Light attenuation by C7V+ and possibly quenching of the excited state of Ru2+ by energy transfer to C7V+ also contribute to saturation. C7V+ is only slightly soluble in water (16) , so a significant fraction of the radical may be associated with the vesicles, which would cause the observed saturation at relatively low C7V+ concentrations.
To assist interpretation of the results, the kinetic scheme of Fig. 3 The value of k4 is estimated by using the bimolecular rate constant for reduction of Ru(bipy)33+ by EDTA (pH 8.2) (19) The k3s above are calculated by using Eq. 4, which is derived by assuming the electron exchange mechanism, so these numbers cannot strictly be compared to k3s expected for the diffusional mechanism. However, k3 can also be calculated from MCE, independent of mechanistic assumptions, if we choose a value for k 2 as well as k4 in Eq. 1. The value of k2 can be estimated from the bimolecular rate constant for reduction of Ru(bipy)33+ by methyl viologen radical in aqueous solution,'2 X 109 M-1 s-1 (20) , and the estimated local concentration of C7V+. A lower limit for the local concentration is the bulk concentration of C7V+ when the quantum yield is maximal, about l0-5 M. An upper limit is estimated by assuming that all the C7V+ is membrane-bound, so [C7V+] 10-5 M . lo 10-2 M (10-3 is the approximate volume fraction of the suspension occupied by the membranes). Based on these numbers, the limits for k2 are 2 X 104 and 2 X 107 s-1.
The estimates for k2 obtained by either approach are of similar magnitude, so the estimates for k3 based on either electron transport mechanism are similar. Although uncertainties are rather large, our estimates for k3 (t104-106 s-1) are several orders of magnitude greater than rate constants for diffusion ("flipping") of amphiphilic molecules across the walls of phospholipid vesicles: ;10-6 s-1 for PtdCho (11), t10-3 s-1 for cholesterol (24) , and < 1 sol for fatty acids (5). Thus, both the rate constant for electron transport across the vesicle walls and the quantum yield dependence on Ru2+ concentration are inconsistent with a mechanism that depends on "flipping" of the ruthenium complex, whereas the dependence on Ru2+ concentration is consistent with an electron exchange mechanism. CONCLUSION We conclude that our results add support to evidence (1) (2) (3) 8) that pigmented lipid-bilayer membranes can transmit electrons. Also, it is apparent that diffusional electron-transporting molecules are not required for photosensitized electron transport across vesicle walls. We (3, 6, 7, 25, 26) through part of the hydrocarbon-like core of the membrane.
Transport of protons (or other cations) must accompany electron transport for charge neutralization. Our interpretation of the quantum yield dependence on Ru2+ concentration implies that electron transport is the rate-determining step, because Ru2+ is not expected to affect proton transport.
The model presented assumes that the physical properties of the vesicles are not significantly different when PtdCho:Ru2+ mole ratios are 200:10 and 200:28. However, two properties that could differ are membrane fluidity and degree of lateral phase separation, both a result of chemical differences between PtdCho and Ru2+. Fluidity could affect the average distance between ruthenium chromophores in opposing monolayers, thereby affecting the probability for electron exchange. Lateral phase separation (5), favored by increasing compositional heterogeneity, could cause the appearance of Ru2+ aggregates, which is predicted (26, 27) to make electron transport across the membrane more probable. Although we do not expect either effect to play an important role in the present case, further investigation will be required to determine the actual charge transport mechanism, and its dependence on membrane parameters.
